The in vitro activity of the channel-forming bacteriocins such as colicin E1 in model membranes requires the specific activation of the protein by an acidic environment in the presence of a 
Introduction
The colicins are a family of antimicrobial proteins that are secreted by Escherichia coli strains under environmental stress, due to nutrient depletion or overcrowding, and these proteins often target sensitive bacterial strains (1) . The lethal action of colicins against their target cells are manifested in a number of different modes that include: (i) formation of depolarizing ionchannels in the cytoplasmic membrane, (ii) inhibition of protein and peptidoglycan synthesis, and (iii) degradation of cellular nucleic acids (2, 1, 3, 4, 5, 6, 7) . In this context, the bacterial machinery responsible for colicin biological activity feature important mechanisms that are fundamental to various biological processes. These mechanisms include protein receptor binding, membrane translocation, membrane binding and protein unfolding, membrane-insertion, voltage-gated ion channel formation, catalysis, and inhibition of enzymes.
Colicin E1 is a member of the channel-forming subfamily of colicins and is secreted by E. coli that possess the naturally occurring colE1 plasmid; the holoprotein consists of three functional segments, the translocation, receptor-binding, and channel-forming domains. Initially, the receptor-binding domain (8) interacts with the vitamin B 12 receptor of target cells. Following recognition, the translocation domain associates with the tolA gene product, which permits the translocation of colicin E1 across the outer membrane and into the periplasm (9) . In the periplasm, the channel domain undergoes a conformational change to an insertion-competent state, then inserts spontaneously into the cytoplasmic membrane of the host cell, forming an ion channel. The channel allows the passage of monovalent ions, resulting in the dissipation of the cationic gradients (H + , K + , Na + ) of the target cell, causing depolarization of the cytoplasmic membrane. In an effort to compensate for the membrane depolarization effected by the colicin E1 channel, Na + /K + ATPase activity is increased in the host cell, resulting in the consumption of ATP reserves, without concomitant replenishment (4) . The final outcome is host cell death.
In addition to structural similarities between colicin E1 and several membrane-targeting proteins, an intriguing characteristic shared by colicin E1 and many membrane-active proteins is the observed requirement of an acidic environment for activation of the soluble structure in order to bind and insert into target cell membranes. The important effect of an acidic environment in conferring an optimum activity in vitro, and perhaps in vivo, for colicin E1 has been attributed to an onset of acid-induced protein unfolding events, resulting in an increased structural mobility/flexibility that may potentiate the complex sequence of structural changes of the channel peptide observed at the surface of a membrane (10, 11, 12 ).
An important contribution to our understanding of the mechanism of colicin E1 low pHactivation was conducted by Merrill et al. (1997) (13) These observations led to the proposal that the peptide segment encompassing residues 413 and 424 (helices 4 and 5a) within the colicin E1 channel domain undergoes a helix-to-coil transition during solution acidification. This low-pH induced unraveling of helices 4 and 5a was proposed to result from the disruption of a critical salt-bridge and three hydrogen bonds that stabilize the secondary structure of this segment of the protein (13, 6) . The disruption of one or all of these H-bond links may provide the initial driving force for a cascade of structural events within the channel peptide that lead to the activated, membrane-competent state of the protein.
In the present work, we report the preparation of single and double Asp-to-Ser mutations localized to Helices 4 and 5a of the colicin E1 channel domain, which is believed to be the heart of the pH trigger motif (13) . Our findings show that Asp-to-Ser mutations disrupt critical Hbonds within the trigger motif and induce a helix-to-coil transition. Furthermore, we demonstrate the effect of these mutations on the activation mechanism (function) of the channel domain by measuring channel domain binding to synthetic membrane vesicles, membrane bilayer insertion rates, and ion channel activity. Finally, we probe and characterize the helix-tocoil transition with steady-state and time-resolved fluorescence spectroscopy.
Experimental Procedures
Preparation and purification of colicin E1 channel peptides--Colicin E1 wild-type (WT 1 ) and mutant proteins were prepared and purified as described previously (14) and protein concentrations were determined for the channel peptides using molar extinction coefficients as determined earlier (15, 16) .
Cytotoxicity assay of colicin E1--
The cytotoxic activity of WT colicin E1 and mutant proteins was confirmed through a "spot test" technique using E. coli strain B cells as previously described (17, 18) . In brief, 5 µL aliquots of serially diluted intact WT or mutant colicin E1 protein samples were applied onto a log phase bacterial lawn of colicin-sensitive E. coli, strain B. Cells were then allowed to grow overnight at 37 o C and cytotoxic activity monitored as the clearance of the lawn of sensitive strain B cells. The concentrations of the mutant and the WT proteins, at which clearing zones were observed, were compared as a quantitative measure of the cytotoxicity of each mutant protein relative to WT.
Preparation of vesicles--LUVs were prepared from 1,2-dioleoyl-sn-glycero-3-phosphocholine
Alabaster, AL), and N-(trinitrophenyl) phosphatidylethanolamine (TNP-PE) (Sigma, St. Louis, Mo, discontinued) in 60:30:10 % molar ratio by extrusion through a 100 nm polycarbonate filter (Lipofast, Aventin Inc., Ottawa, ON) in 20 mM DMG, 130 mM NaCl at pH 3.5-5.0 as described earlier (19, 14) . Small unilamellar vesicles (SUVs) were prepared from DOPG and 1-palmitoyl-2-stearoyl (9-10) dibromo-sn-glycero-3-phosphocholine (PS (9-10 Br 2 ) PC) (Avanti Polar Lipids) in a 2:3 molar ratio by sonication in an ultrasonic water-bath followed by sequential extrusion through a 100 nm and 50 nm polycarbonate filter (Avestin Inc., Ottawa, ON) as described earlier (19, 20) . The suspension buffer used was 20 mM DMG, 130 mM NaCl, at pH 5.
Asolectin (Sigma) LUVs (~20 mg/mL) were loaded with the Cl --sensitive fluorophore, 6-methoxy-N-(3-sulfonopropyl) quinolinium (SPQ, 16 mM) (Molecular Probes, Eugene, OR) and were prepared according to the freeze-thaw technique as previously described (21, 22 ) and the encapsulation buffer was 100 M KCl, 10 mM DMG, 1 mM CaCl 2 , 16 mM SPQ at pH 5.0. The phospholipid concentration was determined using the Bartlett assay for phosphorus as described by New (1990) (23) .
Membrane-binding assay--The binding of WT and mutant colicin E1 channel peptides to membrane vesicles was assayed through the quenching of Trp fluorescence by TNP-PE vesicles, resonance energy transfer; GnHCl, guanidinium hydrochloride; LUVs, large unilamellar vesicles; MIANS, 2-(4'-maleimidylanilino) naphthalene-6-sulfonic acid; MWCO, molecular weight cut-off; SPQ, 6-methoxy-N-(3-sulfonopropyl) quinolinium; WT, wild-type.
as previously described (24) . Fluorescence measurements were obtained with a PTI Alphascan-2 spectrofluorimeter (Photon Technologies International, South Brunswick, NJ) equipped with thermostated cell holders and magnetic stirring. Titration data were recorded at 25 o C, with excitation and emission wavelengths set at 293 and 340 nm, respectively. The spectral bandwidths for the excitation and emission wavelengths were set as 4 and 8 nm, respectively.
The fluorescence signals were integrated over a 30 s time-window in order to increase the signalto-noise ratio. Vesicle light scattering was minimized using a 309 nm cut-off filter (Oriel Corporation, Rockford, IL) placed in the emission light path; further light scattering contributions to the signal were measured from the buffer titrations of LUVs under the same conditions as described for the protein-lipid titrations.
Measurement of membrane insertion kinetics--The vesicle insertion kinetics for channel proteins
were measured by the decrease in the Trp fluorescence of the samples caused by the quenching of the brominated phospholipid (bromine at C-9, 10 acyl position) as described earlier (20) . The final protein and lipid concentrations used were 0.25 µM and 125 µM [2:3 (mol:mol) PS-(9-10
Br 2 )-PC:DOPG)], respectively, in 20 mM DMG, 100 mM NaCl, pH 6.
In vitro assay of channel activity--Voltage-independent chloride efflux from SPQ-loaded vesicles was measured as described by Illsley and Verkman (1987) (25) . Dye-loaded vesicles were diluted to 0.3 mg/mL in 20 mM DMG, 100 mM NaNO 3 buffer, at the desired pH. The vesicle fluorescence was monitored continuously for 2 minutes at 20 o C with constant stirring after which protein was added (2 ng/mL, final conc.). Fluorescence measurements were taken using excitation and emission wavelengths of 347 and 445 nm, respectively. The spectral bandwidth for both wavelengths was set to 5 nm. The extravesicular buffer was 100 mM NaNO 3 , 10 mM DMG, pH 6.0 and the encapsulation buffer was 100 mM KCl, 10 mM DMG, 1 mM CaCl 2, at pH 5.0. The total amount of encapsulated Cl -was released by the addition of Triton X-100 (0.1%, final concentration) to the sample. The fluorescence changes upon the addition of the protein were reported as the percent maximum SPQ fluorescence ( ;
where is the initial residual fluorescence of the dye-loaded vesicles and is the maximal fluorescence intensity after detergent lysis of the vesicles. All fluorescence measurements were performed using an Eclipse spectrofluorimeter equipped with magnetic stirrer and Peltier thermostatted multi-cell holder (Varian Instruments, Mississauga, ON).
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Quantification of disulfide bonds within colicin E1--In order to test whether the introduced cysteine residues in the A407C/A411C mutant channel peptide had formed a disulfide bond, the thiol-specific free dye, 2-(4'-maleimidylanilino) naphthalene-6-sulfonic acid (MIANS) was used as a probe for the quantification of the free thiol content of A407C/A411C. Firstly, evidence for disulfide bond formation between C-407 and C-411 was assayed by spectrophotometrically monitoring the conjugation reaction between free protein sulfhydryl side chains and MIANS.
Sample proteins (4 µM) in 100 mM sodium phosphate, 150 mM NaCl, pH 7.5 were reacted with excess MIANS (20 µM) in the absence or presence of a partially denaturing 4 M guanidinium hydrochloride (GnHCl) solution. The dye-protein reaction mixtures were incubated in the dark and under a nitrogen atmosphere for 1 h. As a control, an equal molar WT channel peptide sample was also reacted with excess MIANS, with or without GnHCl as described above.
Fluorescence measurements of the protein-dye reaction mixtures were obtained at 25 o C using the PTI spectrofluorimeter. The excitation wavelength was set to 322 nm and emission spectra were scanned from 350 to 550 nm. Both the excitation and emission spectral wavelength bandwidths were set to 4 nm and the fluorescence spectra were corrected for the appropriate buffer-containing controls.
The number of free sulfhydryl groups of A407C/A411C, under non-denaturing, reducing, and/or partially denaturing conditions, was further quantified from the stiochiometry of the MIANS labeling reaction. In brief, the labeling reactions were performed as follows. Purified A407C/A411C in pH 7.5 PBS solutions were treated with a 10-fold molar excess of MIANS for 
RESULTS

Binding of channel peptides to LUVs--
In an earlier report (13) we identified a small helix-turnhelix motif (the transition from a helix to a coil activates the protein) as the peptide machinery (pH trigger motif) responsible for the pH-activation mechanism of the channel domain in colicin E1. Fig. 1A shows the details of the trigger motif, which features a salt bridge and two critical and pH-sensitive H-bonds formed by the ionizable side-chains of residues D-408, D-410, and D-423 (13) . In order to test this proposed mechanism, we prepared single and double Asp replacement mutants of the channel domain targeting the fully or partially conserved Asp residues within the family of channel-forming colicins (Fig. 1B , bold text indicated by arrows).
Importantly, these mutant proteins were found to possess similar cytotoxic activity as compared to the WT protein as determined from a spot-test assay on a lawn of colicin-sensitive cells as previously described (17, 18 ; data not shown). Furthermore, the structural integrity of the mutant proteins was assessed and was found to be similar to the WT channel domain by circular dichroism spectroscopy, fluorescence emission spectroscopy and GnHCl denaturation assays as described earlier (15, 18 ; data not shown). It was hypothesized from previous work (13) that these Asp-to-Ser mutant proteins would be defective in their ability to form H-bonds within Helices 4 and 5a, causing destabilization of this helical region resulting in a shift that favours the coil species in the helix-to-coil transition equilibrium, and thus would be expected to show membrane-binding activity at neutral pH values.
The pH-dependent binding of WT and "trigger" mutant channel peptides to fluorescently tagged and anionic large unilamellar vesicles (LUVs) was determined according to the method of Heymann et al. (1996) (24) . This assay exploits the fluorescence resonance energy transfer 
Measurement of the membrane insertion kinetics of the channel peptides--The 'trigger mutants'
were then measured for their ability to insert into the membrane bilayer, a necessary step in the conversion of these channel-forming proteins from water-soluble proteins to ion-conducting channels (12) . The time courses for the insertion kinetics of the WT, two single-replacement mutants, D408S and D410S, two double replacement Asp mutants, D408S/D423S and D410S/D423S, and the double Ala replacement mutant, A407C/A411C, are shown in Fig. 4A .
The membrane insertion mechanism is a complicated, multi-step process that reflects the ratelimiting step for this process (20) . The initial slopes of the individual kinetic traces shown in clearly depict the cumulative effects of each Asp-to-Ser mutation within the trigger motif of the channel domain. Furthermore, this rate enhancement at pH 6.0 correlates with the strength of the helix-stabilizing bond that was disrupted by mutation, as seen in the kinetic traces for the two Asp-to-Ser single mutants, D408S and D410S (Fig. 4A , traces 2 and 3, respectively). In this respect, the D408S mutation, in which a simple H-bond was disrupted, resulted in a marginal increase in the insertion rate. In contrast, the disruption of the salt-bridged H-bond (between Asp 410 and Lys 406) from the D410S mutation ( Fig. 1A,B; Fig. 4A , trace 3) caused a significantly greater membrane insertion rate. This trend was also observed for the cumulative effect of the double Asp-to-Ser mutants, D408S/D423S and D410S/D423S, with the latter mutant protein exhibiting slightly greater insertion rates than the former (Fig. 4A , traces 5 and 6, respectively).
The binding of these membrane-active proteins to the bilayer surface is strongly influenced by the electrostatic attraction of the positively charged protein for the negatively charged membrane surface (24, 31, 32) . The Asp-to-Ser replacements would be expected to remove a negative charge at each of these sites, which potentially could account for the greater affinity and/or insertion rates for the mutant channel proteins. However, the effect was also seen for the double Ala-to-Cys mutant protein, where there was no net change in the charge of helix 4
( Fig. 2D and Fig. 4A, trace 4 ). This mutant protein was originally designed with the idea of forming a disulfide bond within helix 4 of the trigger motif in order to strap this helix into a locked position that would be pH-insensitive. However, the replacement of A-407 and A-411 by
Cys residues caused a destabilization of helix 4, which flawed our original design but served a second purpose (to be discussed later).
Determination of channel peptide Cl -efflux activity--The in vitro channel activity of colicin E1 has been measured using a variety of techniques (33, 34, 21) Table 1 ). Table 1 (Table 1 ) is a measure of the relative sensitivity of the channel peptides to pH activation, in which the higher the ∆v o ′ value the more sensitive the protein is to pH activation of channel activity. As expected, the WT protein showed the greatest pH sensitivity (∆v o ′ , 49. Table 1 ) caused an unexpectedly large increase in the ability of the channel domain to form a functional channel under near neutral pH conditions, which can partially be explained on the basis of the difference in the helix-forming propensity between Ala and Cys (P α = 1.41 and 0.66, respectively, 35). Nonetheless, these data indicate that the C-407-C-411 disulfide bond teases the channel domain into a state that greatly favours one of the steps in channel formation that is subsequent to the membrane binding and insertion events (20) . This observation was not anticipated but, nonetheless, it is intriguing and warrants further investigation. In summary, the channel activity data corroborated the membrane-binding and kinetic insertion data for the Aspto-Ser mutant proteins suggesting that these mutations also invoked an enhanced ability of the channel domain to form functional ion channels at near neutral solution pH values. 
Fluorescence measurements of the helix-to-coil transition--Previously
DISCUSSION
Based on the overall structural and functional data presented herein, it appears that the substitution of the ionizable residues within the proposed pH-trigger motif greatly influence the pH-dependent conformational transition shown to be prerequisite for membrane binding, insertion, and channel formation of colicin E1. Importantly, however, the data do not rule out the contributions to the low pH activation mechanism of colicin E1 by other ionizable residues.
Nevertheless, our observation during protein isolation of barely detectable quantities of the triple Asp-to-Ser substituted mutant, D-408/D-410/D-423, highlights the critical and cooperative importance of these acidic residues to the proper folding and stability of the protein.
With respect to the pH-dependent contribution of these ionizable residues to the intrinsic α-helical behaviour of the putative pH-trigger motif, it is noteworthy that neither of the ionization states of Asp (Asp -and Asp 0 ) favour helix stabilization (36) . Therefore, the contributions to helix stability by Asp, as for Glu, arise from the energetic factors associated with ion-pair, H-bond, and charge-helix microdipole interactions that these residues may form in an α-helix (36, 37, 38) .
In this regard, ion-pair and H-bond interactions formed by charged acidic residues in a helix -as found in the trigger motif of colicin E1-have been shown to contribute to helix stabilization of intrinsically unstable helices, 4 and 5 a . Acid titration of these residues would be expected to cause protonation of these H-bond acceptors and thus may result in a diminution of helix content.
Additionally, the influence of the charged acidic residues on the overall helix dipole does make an important contribution to helix stability (36, 37, 38) . For acidic residues, charge-helix dipole interactions are helix-stabilizing at the N-termini of the helix, and destabilizing at the C-terminus due to "helix-capping" effects (36) . In this context, the altered pH-dependent binding, insertion, and channel activity observed for the A407C/A411C mutant channel peptide is consistent with the helix-destabilizing effects expected upon substituting two strong helix former Ala residues with two helix-destabilizing Cys residues.
Analysis of the helical behaviour of a peptide sequence corresponding to helix 4 of colicin E1, The proposed trigger motif shows a significant degree of sequence conservation within the family of channel-forming colicins (Fig. 2B) . The D-408 residue is absolutely conserved, D-410 is conserved except for colicins Ia and Ib, and D-423 is homologous in all the channel-forming colicins except for Ib. The degree of evolutionary convergence for these acidic residues in channel-forming colicins is statistically significant, and indicates a biological and structural relevance, given that the average sequence identity within the channel domain of these proteins (38%) is just over the 30% threshold generally accepted for closely related protein sequences.
Our inability to express and purify sufficient quantities of the triple Asp-to-Ser mutant protein, D408S/D410S/D423S, gives this argument further credence. Interestingly, the lack of absolute sequence conservation of these Asp residues within the colicin Ia and Ib sequences is not altogether surprising. The channel domains of colicin Ia and Ib share a distant sequence homology with the two major sub-families of pore-forming colicins, the E (E1, 5, 10, and K) and We propose that firing the pH trigger mechanism within colicin E1 initially involves breaking the critical H-bonds (and salt bridge) within helices 4 and 5a, which initiates a cascade of specific structural events that loosen the tertiary structure contacts between and within the three helical layers of the soluble channel peptide ( believed to provide the docking charges that allow the initial adsorption of the protein onto the surface of the membrane (32, 40, 52, 31, 24, 51, 11) . As shown in Figure 6A , the positively charged binding surface provided by this corona of residues is presumed to be appropriately oriented onto the negatively charged membrane surface by the long connector helix (helix 1) between the Cterminal channel domain and the central receptor-binding domain, which is still in contact with the outer membrane receptor ( Figure 6B) . Therefore, the observation of a "pH-trigger" nested within this corona of residues presents a novel insight into a possible in vivo mechanism of activation of colicins. Based on the data from the present study, it now seems clear that the low pH activation of the channel-forming colicins can be ascribed to site-specific acidification of the proteins (13, 6) . Contrary to the aforementioned solvation volume effect, the requirement of acidic pH for in vitro activity of pore-forming colicins may be a manifestation of the low pH environment sensed by the pH-trigger as the protein makes initial contact with the cytoplasmic membrane of the target cell. In this context, protonation of the critical acidic residues of the pHtrigger at the surface of the cytoplasmic membrane would be expected to provide a concerted effect that provide both the structural flexibility requisite for membrane-insertion as well as an enhanced effective surface charge necessary for the initial electrostatic interactions.
In summary, the fundamental premise behind the pH-trigger hypothesis is consistent with the existence of structural "sensors" on the surface of proteins that mediate pH-dependent protein conformational transitions as has been previously argued (53) . A classical example of this type of sensor is revealed by the acid-induced native-to-molten globule transition of apomyoglobilin, which is largely influenced by the breakage, at pH 4, of an H-bond formed between H-24 and H-119 of the protein (54) . More specifically, such a molecular switch mechanism bears resemblance to the helix-to-coil transition of residues 105-113 during the low pH-activation of influenza hemagglutinin, in which the protonation of D-109 and D-112 disrupts a network of Hbonds formed by the carboxyl side chain of these acidic residues to the main chain amide of an α-helix (55). Mutant hemagglutinin proteins that feature substitution of the aforementioned acidic residues are able to fuse to membranes at higher pH values than WT, highlighting the critical importance of specific residues that act as pH-sensors for activation of this toxin (55; 56 for review). Recent evidence from studies on diphtheria toxin suggests that the cooperative binding of at least three protons to the T-domain can result in the formation of the membraneactivated toxin species which adds further credence to the idea for a universal pH-sensor-trigger mechanism in microbial proteins (48) . In conclusion, confirmation along with an in-depth structural correlation of this pH trigger motif currently awaits the determination of high-resolution structures of more of these acid-activated microbial proteins along with structurefunction investigations into the molecular details of this type of cell entry mechanism for foreign, invading proteins. Relative Fluorescence (au) 
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RESULTS
Fluorescence measurements of the helix-to-coil transition--Previously, our laboratory
used time-resolved and steady-state fluorescence spectroscopy to identify the proposed pH trigger motif within colicin E1 (S1). The helix-to-coil transition of the pH-activated trigger mechanism was probed with two Trp residues, W424, a naturally occurring aromatic residue and F413W, an aromatic for aromatic substitution. Accordingly, herein we prepared a combination mutant that featured the F413W mutation along with the D408/D423S mutations. This mutant protein was then subjected to the same analysis protocol as previously employed for the identification of the pH trigger mechanism (S1).
The fluorescence lifetime analysis of single Trp channel peptides of colicin E1 have been shown to exhibit pH-sensitive heterogeneous decay intensities that were consistent with the characteristics of the "fingerprint" type decay kinetics previously observed for the α-helical to random coil secondary structure equilibrium in parathyroid hormone and model peptides (S3; S4). In addition, the fluorescence quantum yields of these single Trp In this study, the intensity decay described for W-413 in both mutant channel peptides could best be fitted globally with only two exponential parameters (Table S1 ).
This observation is in contrast to the previous results of Merrill et al., (1997) (S1) in which three lifetimes were recovered for W-413. Separate analyses of the decay time data for the individual emission wavelengths adequately fit to three exponential parameters. However, the quality of the global (simultaneous) analysis with three exponential decays were less than desirable -generating χ 2 values equal or greater than a double exponential fit of the data. The recovered values for the short decay time component obtained from these triple-exponential fits fell normally within the associated standard errors. Therefore, the discrepancies in decay time components between the current study and the earlier report by Merrill and colleagues (1997) (S1) perhaps illustrates the difference in resolution between the Stroboscopic technique employed in this study (S2) and the time-correlated single photon counting (TCSPC) used in the earlier study. In this regard, the TCSPC technique, using a higher frequency laser source with higher repetition rates and more channels of recorded data, is expected to yield superior sensitivity and lower systematic errors for complex decay intensities than the Stroboscopic technique used in this study (S2) .
Despite the loss of the short decay time component, the data shown in Table S1 and Fig. S1 depict pH-dependent emission decay patterns for W-413 that are consistent with the previous data (S1 33% ; t, 65%) in an α-helical secondary structure (S7). The lack of resolution of the short decay component (τ 3, 0.17 ns; c 3 , 0.14), which was earlier recovered for F413W at pH 6.0 (S1), could be interpreted as an indication of the relative low abundances expected for the Table S1 ). The fluorescence quantum yield of F413W also increased from 0.12 to 0.19 upon acidification of the mutant channel peptide (Table S1 ), indicating significant structural changes of the surrounding environment of the W-413 indole ring. These observations are consistent with the shift in intensity decay parameters and quantum yield that were earlier linked to the low pH-induced local secondary structure transitions of the segment of the protein surrounding W-413 (S3). Similar "fingerprint" type decay kinetics has also been characterized for the random-coil to α-helical secondary structure equilibrium in parathyroid hormone and model peptides (S3, S4). The low pH-dependent shift in fractional concentrations of the decay components for F413W (Table S1 ) may reflect the shift from t to g + in the relative χ1 rotamer distributions that were shown to accompany the helix (g + , 33%; t, 65%) to coil (g + , 54 %; t, 24 %) secondary structure rotamer preferences of Trp residues (S6).
For the F413W/D408S/D423S channel peptide, it is clear from the data presented in Table S1 and (Table S1 ). These data indicate that the Asp-to-Ser mutations within the trigger motif have indeed induced a helix-to-coil transition that mimics the effect of acidification observed for the F413W mutant channel domain.
The shift in conformational states at near neutral pH for the F413W/D408S/D423S mutant protein is also reflected in the fluorescence quantum yield values for this channel peptide (Table S1, Protein concentration in the samples was adjusted so that the A 300 nm was between 0.05-0.10. The peptides were in 100 mM NaCl, 10 mM DMG buffer at the indicated pH. 
